Asymmetric magnetization reversal in the 
exchange bias system Fe/FeF2 studied by MOKE 
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The asymmetry of the magnetization reversal process in exchange biased Fe/FeF2 has been studied 
by magneto-optical Kerr effect. Qualitatively different transverse magnetization loops are observed 
for different directions of the cooling and the measuring field. These loops can be simulated by a 
simple calculation of the total energy density which includes the relevant magnetic anisotropies and 
coherent magnetization rotation only. Asymmetric magnetization reversal is shown to originate from 
the unidirectional anisotropy and may be observed if the external measuring field is not coUinear 
with either the exchange bias or the easy axis of the antiferromagnetic epitaxial FeF2(ffO) layer. 

PACS numbers: 75.60.Jk, 75.70.Cn, 75.50.Ee, 75.30.Et 



A bilayer system composed of an antiferromagnetic 
(AFM) and a ferromagnetic (FM) layer exhibits a shift 
of the hysteresis loop along the field axis, the so-called 
exchange bias (EB) IJ. This shift may be observed af- 
ter cooling the system below the Neel temperature of the 
AFM either in an external magnetic field or with the FM 
layer magnetized to saturation. Exchange biased systems 
including Fe/FeF2 can additionally exhibit a pronounced 
asymmetry of the hysteresis loops. 

This reversal asymmetry was first investigated in 
Fe/FeF2 by polarized neutron reflectometry (PNR) 
indicating different reversal mechanisms on either side of 
the hysteresis loop, which have been interpreted as co- 
herent magnetization rotation near the left-side coercive 
field and as domain wall nucleation and propagation near 
the right-side coercive field. While the former mechanism 
was identified by a transverse magnetization component 
related to strong spin-flip scattering of the polarized neu- 
trons, the latter was assigned by the absence of a trans- 
verse magnetization component. This behavior raises the 
question as to the origin of this unprecedented asymme- 
try in any switchable hysteretic physical system. 

Asymmetric magnetization reversal has also been ob- 
served in other exchange bias systems. But the asymme- 
try in the loop might also be reversed. In, e.g., Co/CoO 
coherent rotation has been found on the right side of the 
magnetization loop only |^. A fast and powerful exper- 
imental probe of coherent magnetization rotation is the 
magneto-optic Kerr effect (MOKE) 0,11, 0- Our initial 
MOKE measurements on Fe/FeF2 gave also evidence for 
coherent rotation on only the right side of the hystere- 
sis loop in contrast to the PNR results. This calls for 
systematic studies of the reversal asymmetry as for dif- 
ferent directions of the in-plane cooling field relative to 
the easy axis of the EB system. The angular dependence 
is also aimed at investigating the role of higher order 
anisotropies in asymmetric magnetization switching, es- 
pecially of odd symmetry as considered in Ref. (3| ■ 

Here we present a systematic MOKE study of magne- 



tization reversal in exchange biased Fe/FeF2. Particular 
emphasis is given to measure the net transverse magneti- 
zation component Mt, which is oriented perpendicular to 
the external magnetic field. It may build up during mag- 
netization reversal mainly near the coercive fields and 
is a direct probe of coherent magnetization rotation 
Furthermore, this technique allows to determine the ro- 
tational direction (chirality) of the magnetization vector 
via the sign of Mt- Asymmetric magnetization reversal 
can be identified by a non-zero Mt at only one coercive 
field during reversal. A quite unexpected behavior of 
Mt is found for different directions of the initial cooling 
field and the subsequent measuring fields in a small an- 
gular range around the easy axis of the antiferromagnet 
FeF2. Within about ±3° the asymmetry in the trans- 
verse loops reverses, i.e. Mt switches from the left to 
the right side of the hysteresis loop and changes its sign. 
To simulate these loops, we present a simple model de- 
scribing the coherent rotation of a single magnetic mo- 
ment using a total energy density comprising fourfold, 
twofold, and unidirectional anisotropies. The model re- 
produces all salient features of the magnetization rever- 
sal. We demonstrate that asymmetric magnetization re- 
versal originates from the existence of the unidirectional 
anisotropy and can only be observed if the measuring 
field is non-coUinear with either the easy axis direction 
of the antiferromagnetic layer or the exchange bias di- 
rection set by the cooling field. We argue that domain 
wall nucleation and propagation is not relevant for the 
existence of asymmetric magnetization reversal. 

Polycrystalline Fe has been grown on epitax- 
ial, twinned FeF2(110) by molecular beam epi- 
taxy in the multilayer structure MgO(lOO)/ 
FeF2(100 nm)/Fe(13 nm)/Al(10 nm), with Al as 
protective cap layer. Details of the sample preparation 
and structural characterization are given elsewhere P|. 

MOKE measurements have been carried out inside a 
magneto-optical cryostat using a motorized sample ro- 
tator which enables sample rotation with a precision of 



2 




H (Oe) H (Oe) 

FIG. 1: Transverse magnetization of a polycrystalline Fe film 
exdiange coupled to a twinned antiferromagnetic FeF2(ffO) 
layer taken by MOKE at 20 K after field cooling inH^l kOe 
(a) at several sample angles ifH at which also the measure- 
ments are performed and (b) at -3,5° followed by rotations of 
the sample to the indicated measurement angles. 



± 0.1° in an external magnetic field aligned parallel to 
the film plane. For Kerr effect we chose a reflection plane 
parallel to the transverse magnetization Mr, i.e. perpen- 
dicular to the external magnetic field. To unambiguously 
detect a pure Mt hysteresis loop, we chose s-polarized 
light for the incident beam. Details of the experimen- 
tal setup are described in Ref 0. We first investigate 
how the magnetization reversal depends on the cooling 
field direction which we vary relative to the easy axis of 
the antiferromagnetic FeF2 layer by rotating the sample. 
Note that for a sample angle ipH = 0° the cooling field 
is the easy axis of the AFM at 45° with respect to the 
AFM twins along the <001> directions. Fig. ^a) shows 
a series of transverse hysteresis loops taken at T = 20 K 
for different sample orientations (positive angles corre- 
spond to a clockwise rotation of the sample relative to 
the reflection plane). The sample is field cooled at each 
angle in a magnetic fleld of -ff = 1 kOe through its Neel 
temperature (T/v = 78.2K) and is subsequently measured 
at the same angle. At (p^ = 0° the transverse loop con- 
sists of two peaks of opposite sign close to the left and 
right coercive flelds, respectively, Hc^i and -ffc,r, indicat- 
ing a full 360° coherent rotation of the magnetization 
vector. However, the reversal becomes asymmetric after 
field cooling only slightly away from the easy axis direc- 
tion. At ifH =-3.5°, a transverse magnetization can only 
be detected near -ffc,;, while at -1-3.5° it appears only near 
Hc^r with opposite sign. This might explain the appar- 
ent difference between various experimental findings in 
previous reports |^. A slight misorientation of the 
cooling field direction with respect to the AFM easy axis 
may lead to qualitatively different reversal asymmetries 
in the transverse magnetization. 



For exploring whether the observed asymmetries de- 
pend on the field cooling procedure, we have field cooled 
the sample at -3.5° in iJ = 1 kOe and recorded transverse 
Mt loops at various sample angles (Fig. H^b)). Along 
the easy axis direction (ipn = 0) we again find symmet- 
ric reversal with slightly reduced amplitude near Hci- 
The Mt peak also switches sides and sign in going to 
a sample orientation of 2°. Although the angles of this 
switching do not exactly match with the previous mea- 
surements (Fig. n^a)), all salient loop shapes are again 
observed. This suggests that the existence of the rather 
complex magnetization asymmetry is linked to the local 
anisotropics which are only weakly affected by the field 
cooling procedure. To further investigate how the asym- 
metric transverse magnetization loops evolve we show a 
series of loops in a broader range of sample angles (pH 
from -10° to +10° in Fig. Eta). The data has been taken 
at T = 20 K after field coohng at 0° in iJ = 1 kOe. At 
-10° we clearly observe a transverse magnetization near 
both Hc,i and -ffc.r indicating symmetric reversal. Note 
that the sign of Mt is positive for both reversal direc- 
tions in contrast to the loop at 0° with opposite signs of 
Mt- a similar reversal as at -10° is also seen at -flO° 
with the opposite sign of Mt- Most interestingly, the 
sign of Mt reverses at different angles for both reversal 
directions, i.e. at -3° near Hc^i and -|-2° near ifc.r with 
a smooth change of its respective amplitudes. Note that 
these angles of sign reversal mark the sample orientations 
of asymmetric magnetization reversal. 

We observe a transverse magnetization - which we in- 
terpret as due to the coherent rotation of the magneti- 
zation vector - on both sides of the loops at almost all 
sample orientations. A vanishing transverse magnetiza- 
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FIG. 2: (a) Hysteresis loops of the transverse magnetization 
of Fe/FeF2 (110) at T = 20K after field cooling along the 
easy axis of the AFM layer in // = lkOe. (b) Simulated Mr 
vs. H hysteresis loops for different sample orientations using 
a simple model solely based on coherent rotation (solid line: 
increasing field, dashed line: decreasing field). 



3 



tion signal on only one side of the transverse loop is a 
rather exceptional case. This suggests that coherent ro- 
tation of the magnetization may be the dominant reversal 
process at all stages of reversal. 

To support this scenario we use a simple model de- 
scribing coherent rotation of a single magnetic moment 
to (i) explain the observed asymmetric reversal and to 
(ii) simulate the salient features of all transverse magne- 
tization loops in Fig. 12 a). The reversal of the moment is 
induced by an external magnetic field varied in its angu- 
lar orientation. For each field step the magnetic moment 
follows the minimum of a free energy density E compris- 
ing fourfold (i^u), twofold {K^) and unidirectional (Kg) 
anisotropics, with E given by 

E = — H cos{iph)M cos(i^m) — H sm{LpH)M sin{(pM) 

+ K^{cOS^ipm ■ SVP^Vm) + ^«(C0S^[(^„ - ''180^^^'' 

where H describes the external magnetic field and M 
the saturation magnetization of the FM layer, Lpn and 
LpM are the angles of H and M , respectively, which are 
both measured relative to the easy axis of the AFM 
layer. The angle C represents the respective angle of the 
twofold easy axis of the FM layer and a the respective 
angle of the easy axis of the unidirectional anisotropy 
Ke (exchange bias). The anisotropy constants are set 
to Ke = -100000 erg/cm^ = -5000 erg/cm^ and 
K.^, = 26000 erg/cm'^. These values provide the best re- 
sults for the simulation of the experimental loops in Fig. 
|2Ia). The uniaxial anisotropy constant of Fe is about 
an order of rnagnitude smaller than single crystal values 
in literature [glfiol. This might be related to the large 
polycrystalline fraction of the Fe film. For M we use the 
bulk value of 1670 Oe for iron The angle C is fixed 
to 75° which is approximately the easy axis direction of 
the ferromagnet, while a is set to be identical to the cool- 
ing field direction of 0° which is parallel to the easy axis 
direction of the AFM layer. 

We first investigate how to obtain asymmetric reversal 
in our simulations. Fig. |21 depicts a series of simulated 
Mt{H) loops as obtained for ipH = —3° and a = 0° for 
various values of K^. A Stoner Wohlfarth-type magne- 
tization reversal is observed for — (top). As ex- 
pected, we observe an exchange bias shift with increas- 
ing Kg. While Mt remains positive near Hc^i and sta- 
bilizes at large values of K^, it switches sign at around 
Ke = —1.0 X 10^ erg/cm'^ near Hc^r- This clearly demon- 
strates that the existence of is solely responsible for 
the asymmetry in Mt- We want to emphasize that we do 
not obtain asymmetric reversal (not shown) if the mea- 
suring field is coUinear with both the easy axis of the 
AFM and the exchange bias direction, i.e. ipH = ct = Q- 

We now use the above anisotropy parameters with 
Ke = —1.0 X 10^ erg/cm^ to simulate the measured 
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FIG. 3: Simulation of Mt{H) as a function of the unidirec- 
tional anisotropy constant Ke- The exchange bias direction is 
assumed to be coUinear with the easy axis of the AFM layer 
(a = 0°), while the external magnetic field is misaligned by 
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Mt{H) loops in Fig. [2Ia). These simulations are dis- 
played in Fig. |2Ia). Note that the only adjustable pa- 
rameter is the direction of the external magnetic field, 
which we change in the experiment by sample rotation. 
The sign change of M^iH) on either side of the loop 
proceeds at the same angles as for the measured loops 
thus reproducing the observed reversal asymmetry. Dif- 
ferences in the shape of the simulated and measured loops 
are attributed to the use of a simple macrospin model in 
the simulations, which neglects any changes of the local 
anisotropics that might result from the polycrystalline 
structure of the Fe layer. This is evident from a more re- 
alistic Monte Carlo simulation by Beckmann et al. [l]| . 
describing the magnetization reversal of an averaged en- 
semble of moments based on the domain state model. 
Nevertheless, our simple macrospin model of coherent 
rotation can explain all salient features of the magne- 
tization reversal in the experiments. Hence we conclude 
that anisotropics of higher than fourth order and partic- 
ularly of odd symmetry do not play a role in describing 
the reversal asymmetry in our EB system. 

To further illustrate the origin of asymmetric reversal, 
we depict the total energy density at various magnetic 
fields from Oe to -80 Oe in Fig. EJa) using the parame- 
ter set of the asymmetric loop for ipH — —'i° (Fig-I3b))- 
Upon field variation, the magnetization vector follows the 
local energy minimum. We initialize its longitudinal ori- 
entation close to 0° (A) at = Oc. In Figs. IHb) 
and (c), the magnetization vector is decomposed into its 
Ml and Mt components, respectively. A polar plot of 
both is included in Fig.^Jd). Upon reversal from A to E 
the macrospin first reaches a local energy minimum near 
90° (C) at -65 Oe which results in a stable transverse 
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FIG. 4: (a) Total energy density according to our model (see 
text) as function of the external magnetic field, which varies 
between Oe (top) and -80 Oe (bottom). All curves are 
vertically shifted for clarity. The magnetization vector follows 
the local minimum of the total energy density, neglecting any 
thermal activation across energy barriers. All stages of the 
reversal process (A to F) are marked in (b) for the longitudinal 
and in (c) for the transverse hysteresis loop. The Mt vs. Ml 
plot in (d) illustrates the rotation of the magnetization vector 
along A to E with Mt / 0. 



magnetization between points C and D (Figs. 0Jc) and 
(d)), which is also observed in the experiments (see Fig. 
|5fa)). The magnetization is fully reversed in point E. 
In the opposite reversal direction the macrospin switches 
between F and G with no stable intermediate state along 
the transverse direction. Correspondingly, we do not ob- 
serve a stable peak on the right side of the transverse 
loop, although the macrospin has to pass through the 
transverse direction. According to the asymmetry of the 
local energy density with respect to the direction of —Ml 
at 180°, the macrospin rotates backwards by changing 
its chirality. This observation confirms the asyinmetric 
reversal mode simulated by Beckmann et al. for an 
angle of (pn = 60° between the external field and the easy 
axis of an untwinned EB system. 

According to our simulations, the interpretation of a 
vanishing component Mt in experiments as a sufficient 
indication of magnetization reversal by domain wall nu- 
cleation and propagation has to be revised. Our results 
clearly demonstrate that conventional domain wall nu- 
cleation and propagation is not needed to understand 
the observed asymmetric magnetization reversal. How- 
ever, we want to emphasize that our simple macrospin 
model does not explain all details of reversal such as 
the exact values of the respective coercive fields as well 
as the continuous change of the net transverse magne- 
tization through the critical field angles at which the 
sign reversal of Mt is observed in the experiments. Our 



model is capable of reproducing the magnetization rever- 
sal for different cooling field directions with the same set 
of anisotropy constants. The resulting phase diagram, 
however, is beyond the scope of the present paper and 
will be reported elsewhere ^ recent paper deal- 

ing with asymmetric magnetization reversal in polycrys- 
talline Co/IrMn relates the asymmetry to the ratio of 
uniaxial FM anisotropy and EB anisotropy as well as 
to the appearance of finite coercivity 0|. The special 
case of collinear uniaxial and unidirectional anisotropies 
in Ref. 13] does not cover the complexity of observations 
in our work. 

In summary, we have shown that the asymmetric mag- 
netization reversal as probed by the transverse magneti- 
zation in Fe/FeF2(110) depends strongly on the non-zero 
angle between the measurement field and the easy axis 
of the AFM or the EB direction. A simulation based 
on the field dependent total energy density considering 
all relevant anisotropies and the coherent rotation of a 
macrospin describes qualitatively the experiments. The 
unidirectional EB anisotropy is solely responsible for the 
asymmetry in the transverse magnetization loops. The 
agreement between simulation and experiment endorses 
the assumption that coherent rotation is sufficient to de- 
scribe asymmetric magnetization reversal in Fe/FeF2. 
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